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A THIN FILM THICKNESS MEASURING METHOD AND APPARATUS, AND 
METHOD AND APPARATUS FOR MANUFACTURING A THIN FILM DEVICE USING 
THE SAME 

Background of the Invention 

This invention relates to the measurement of thickness 
and thickness distribution of a transparent film and film 
thickness control . 

More particularly, this invention relates to a 
method/apparatus for measuring the film thickness of an 
outermost surface, to a flattening apparatus and to a process 
control method for wafers in film-forming steps or wafers in 
surface flattening processes after film-forming steps. For 
example in methods or production lines for manufacturing 
semiconductor devices on silicon wafers. 

Other examples of transparent films in addition to those 
mentioned above are resist films or insulating films in steps 
for manufacturing thin film devices such as DVD, TFT and LSI 
reticules . 

Semiconductor devices may for example be manufactured by 
forming a device and an interconnection pattern on a silicon 
wafer through the processes of film-forming, light exposure and 
etching. In recent years, in order to achieve higher precision 



and higher densities, interconnection patterns formed on 
silicon wafers are tending towards greater fineness and 
multiple layers. The forming of multiple layers of fine 
patterns is leading to increasing numbers of imperfections on 
wafer surfaces. If there are large numbers of imperfections 
on wafer surfaces , when fine interconnection patterns on wafers 
are exposed to light , it is difficult to expose the fine patterns 
with good dimensional and contour precision. One method used 
to resolve this problem consists of flattening a wafer surface 
on which a protecting film or insulating film is formed on a 
multilayer interconnection layer. 

The flattening process uses CMP (Chemical Mechanical 
Polishing), which flattens the surface by polishing it by a 
chemical and physical action. CMP is a well-known process in 
this technical field. 

An important topic in the CMP process is that of film 
thickness control. In the prior art, this was controlled by 
the process time . After the CMP process , when measurements were 
actually made with an ordinary film thickness measuring 
apparatus, a pattern (dummy pattern) of sufficient size to be 
easily measured by the film thickness measuring apparatus, and 
which was for example formed on the periphery of the chip, was 
measured. Further, the measurement of film thickness was 
performed after completing the process, washing and drying. 

Japanese Unexamined Patent Publication Hei 6-252113 and 



Japanese Unexamined Patent Publication Hei 9-7985 disclose an 
in-situ measuring system capable of measuring film thickness 
on an actual device pattern (a fine circuit pattern on an actual 
product). In Japanese Unexamined Patent Publication Hei 6- 
252113, in the measurement of film thickness on an actual device 
pattern, the spectral distribution of interference light from 
white light due to the film is frequency- analyzed, the relation 
between frequency components having this spectral distribution 
waveform and film thickness is examined, and an absolute value 
of film thickness is thereby computed. On the other hand, in 
Japanese Unexamined Patent Publication Hei 9-7985, the change 
with processing time of the interference light intensity from 
a laser (single wavelength) is detected, and the film thickness 
is computed from frequency components having this waveform. 

In general, in film thickness control by process time of 
CMP, as the polishing amount (polishing rate) per unit time 
varies, and due to the fact that the polishing rate is different 
according to the proportion of a pattern formed on a wafer in 
one plane (referred to hereafter as pattern surface area factor) , 
it was difficult to perform precise film thickness control. 
When measurements were performed, the outermost surface film 
thickness was almost always different as the pattern surface 
area factor on the dummy pattern was different from that on an 
actual device pattern. If film thickness was measured after 
washing and drying, some time was required and this led to a 



decrease of throughput (Fig, 2). In laminated patterns, 
interconnection pattern thickness and inter-pattern volume, 
for example, could not be precisely controlled on the dummy 
pattern. Further, when examining for defects in an actual 
device pattern, it was difficult to perform an examination in 
the film thickness direction. 

In the method described in Japanese Unexamined Patent 
Publication Hei 6-252113, although it depends on the detection 
wavelength region of the white light, the measurement precision 
on an actual device pattern is ± 50nm and the film thickness 
cannot be computed with high precision. On the other hand, in 
the method described in Japanese Unexamined Patent Publication 
Hei 9-7985, the absolute value of film thickness cannot be found 
with one measurement. 

It is therefore an object of this invention to provide 
a method and apparatus which can measure film thickness and film 
thickness distribution of a transparent film to a precision of 
at least ± 20nm, and preferably at least ± lOnm, in an actual 
device pattern for example, and to provide a method and 
apparatus for manufacturing a thin film device using this 
technique. 

As an example of this, it is an object of this invention 
to provide a measurement method and apparatus which, instead 
of performing measurements on a dummy wafer which has a 
different polishing rate from an actual device pattern, or on 
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a dummy pattern formed on a product wafer of sufficient size 
to be measured by a prior art film thickness measuring apparatus , 
are able to measure absolute values of film thickness on the 
outermost surface layer of an actual product device pattern to 
5 a high precision, to provide a method and apparatus which allow 
high precision film thickness control by measuring the film 
thickness on the outermost surface layer of an actual device 
pattern to high precision, and a method and apparatus which 
achieve improved process throughput. 

10 

Summary of the Invention 

To achieve the above objects, according to this invention, 
as a technique for measuring film thickness on an actual device 
pattern, a frequency/phase analysis is performed on a spectral 

15 distribution waveform of interference light from light due to 
a film, and an absolute value of film thickness is computed from 
a relation between frequency and phase components having a 
certain waveform and film thickness , or by fitting to a waveform 
derived from a structural model of the film or a simulation. 

20 By calculating a film thickness distribution on an actual device 
pattern using this measurement technique, high precision film 
thickness control and process stabilization are achieved. 
Further, by incorporating a film thickness measurement unit 
comprising this measurement technique in a polishing apparatus , 

25 an improvement of throughput is obtained. The effect of this 
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invention is enhanced by using white light as the light which 
irradiates the film. 

According to this invention, to achieve the above objects , 
a sample on which an optically transparent thin film is formed 
on a step pattern is irradiated by light, a reflected light 
produced by the sample due to this light irradiation is detected, 
and the film thickness of the optically transparent film formed 
on the step pattern is calculated based on the spectral 
distribution waveform of the detected reflected light. 

In this way, according to this invention, if the light 
which irradiates the sample is white light, the film thickness 
of the optically transparent film can be calculated to a 
precision of at least ±20nm. 

Brief Description of the Drawings 

Fig. 1 is a schematic cross-sectional view showing the 
construction of a detecting optical unit according to this 
invention. 

Fig. 2 is a schematic view showing a prior art film 
thickness measurement /control system. 

Fig. 3 is a diagram showing a simple film cross -section 
when a single layer pattern is present in one of the samples 
which can be measured by this invention. 

Fig. 4(a) shows an example of a theoretical spectral 
reflectance distribution, and Fig. 4(b) shows an example of a 
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theoretical spectral reflectance distribution when the 
detected wavelength region is limited. 

Fig. 5 is a schematic view showing embodiments when this 
invention is applied to a sequence of steps from a CMP process 
5 to washing and drying, corresponding to the following cases. 

(a) shows a case where a detecting optical unit according to 
this invention is provided in a polishing board. 

(b) shows a case where measurement is performed by the detecting 
optical unit according to this invention by interrupting the 

10 polishing process. 

(c) shows a case where measurement is performed by the detecting 
optical unit according to this invention without performing 
washing and drying after completing the polishing process. 

Fig. 6 is a flowchart showing an outline of the processing 
15 flow from acquisition of data to computation of film thickness 
according to this invention. 

Fig. 7 is an example showing computation results when 
frequency and phase are used for computation of film thickness 
on a sample having the structure shown in Fig. 3. 
20 Fig. 8 is a schematic view showing one embodiment when 

film thickness is measured in water in a water tank 7 shown in 
Fig. 5(C). 

(a) shows the case where measurement is performed by immersing 
a detector in water, 
25 (b) shows the case where measurement is performed via an optical 
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window . 

Fig. 9 is a process flowchart showing typical steps where 
film thickness measurement results are fed back to process 
conditions . 

5 Fig. 10 is a schematic view showing an example of a method 

where the size of the measurement visual field can be changed 
over, and an example showing that measurement results are 
different depending on the size of the measurement visual field. 

Fig. 11 shows an example of a schematic construction and 
10 result display when a film thickness distribution and surface 
imperfections on wafer surface parts are simultaneously 
measured by this invention. 

Fig. 12 shows an example of a schematic construction and 
result display when the thicknesses of a multilayer structure 
15 are measured by this invention. 

Fig. 13 shows an example of a correction curve used to 
reduce computational error when the film thickness of a sample 
comprising a film of plural layers is computed using frequency 
analysis . 

20 Fig. 14 shows a typical pattern of a sample in a 

measurement visual field. 

(a) shows an example when film thickness measurement is 
possible, 

(b) shows an example when film thickness measurement is 
25 difficult . 
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Fig. 15 is a diagram showing an example of a measuring 
position determining method during a film thickness measurement 
according to this invention, wherein alignment is performed 
using an alignment mark formed on a wafer. 
5 Fig. 16 is a schematic view showing an example of a 

measuring position determining method during a film thickness 
measurement according to this invention, wherein design 
information is used. 

10 Description of the Preferred Embodiments 

As a typical embodiment of this invention , an example will 
be described where the invention is applied to the measurement 
of outermost surface film thickness of a wafer after or during 
a CMP process in the manufacture of a semiconductor device. 

15 Fig. 1 shows an example of a detecting optical system to 

achieve the object of this invention. The system comprises a 
white light source (halogen lamp) 41, pinhole 42, beam splitter 
45 , lens 46 , iris diaphragm 47 , diffraction grating 44 , detector 
(CCD camera) 43, and processing circuit 49 for acquiring data 

20 from the detector and computing film thickness from the acquired 
data. 

White light emitted by the light source 41 passes through 
the pinhole 42 and beam splitter 45, is rendered parallel by 
the lens 46, and passes through the iris diaphragm 47 to impinge 
25 on a film to be measured, not shown, on the surface of a wafer 
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48 . The light reflected by the wafer 48 passes through the iris 
diaphragm 47 and the lens 46, and its path is changed by the 
beam splitter 45 so that it impinges on the diffraction grating 
44. The light which is split into spectral components by the 
5 diffraction grating 44 forms an image on the detector 43, and 
a spectral intensity distribution 37 can then be calculated. 
The reflected light contains interference due to the film being 
measured, and it has a spectral intensity distribution 
corresponding to the structure in the film. The film thickness 
10 is then computed by the processing circuit 49 which performs 
correction and frequency analysis on this spectral intensity 
distribution . 

An absolute position sensor 38 is provided which detects 
the position of zero order light (regularly reflected light) 

15 36, the position of the zero order light (image of the pinhole 
42) being found by a center of gravity calculation, for example, 
by the processing circuit 49 . Instead of providing the absolute 
position sensor 38, the detector 43 may be displaced in the 
direction shown by an arrow 35 in the figure (stage is not shown) 

20 to perform the detection. An image can also be simultaneously 
formed on the detector 43 to perform the detection using a mirror 
or the like. 

In addition to a halogen lamp, the white light source may 
be a light source having a wide wavelength range such as a xenon 
25 lamp, or laser light having plural different wavelengths may 
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also be used. 

In addition to a CCD two-dimensional sensor, a one- 
dimensional line sensor can also be used for the detector, but 
if a two-dimensional sensor is used, the adjustment of the 
alignment direction of the line sensor with the diffracted light 
can be omitted. A sensor other than a CCD may also be used. 

Fig. 6 shows the process flow from acquisition of data 
to film thickness computation. 

The data which can be acquired by the CCD camera is a 
spectral intensity distribution (referred to also simply as a 
spectral distribution) . To calculate the spectral intensity 
distribution from the acquired two-dimensional image (37 in Fig. 
1 ) , the maximum value of each coordinate is taken in one axial 
direction of the image (data input, Fig. 6). When one axis of 
the two-dimensional sensor and the diffracted light 
distribution form a constant angle, the error due to this angle 
is corrected by calculation from the angle. In other words, 
it must be possible to convert the two dimensional spectral 
distribution image to a one -dimensional waveform. Also, there 
is a method wherein plural lines are processed at one time in 
the spectral distribution direction of the two-dimensional 
sensor, and the difference due to a position on a screen is 
reduced. 

Due to these methods, various corrections can be applied 
to the two-dimensional image. There is also a method to further 
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increase precision by adding a correction of the optical system 
as described hereafter. Further, the waveform range acquired 
by the sensor may be determined from the zero order light 
position and the spectral characteristics of the diffraction 
5 grating. 

The spectral intensity distribution obtained is affected 
by the spectral intensity distribution of the light source and 
by the optical system. The spectral intensity distribution 
data of the light source or correction data using a material 

10 for which the reflectance characteristics are known can be 
measured in advance, and a spectral reflectance distribution 
calculated by applying a correction such as dividing the 
measured data by this data (reflectance correction. Fig. 6). 
In this way, the effect of the spectral distribution of the light 

15 source and of the optical system can be considerably reduced. 

The interference light is split into spectral components 
by the diffraction grating and forms an image on the detector, 
but if the detector is flat like a CCD, as the light is diffracted, 
the wavelengths of the light incident on the CCD do not have 

20 regular intervals on the CCD. Hence, a correction is applied 
so that the wavelengths do have regular intervals when the 
spectral distribution is calculated (distortion correction. 
Fig. 6). This correction may be made by calculation from the 
positional relationship between the detector (CCD) and the 

25 diffraction grating. 
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Instead of performing a correction by calculation, a 
diffraction grating or a detector having a curvature which 
cancels this distortion may be used. To impart this curvature, 
a curvature may be given by a mold or the like during packaging 
5 in the manufacture of the detector to the extent that the 
electrical characteristics do not vary. If the curvature is 
small, it may also be given by a clamp or the like in the 
manufacturing stage. In other words, the characteristics must 
not change. This is also performed to correct for distortion 

10 in the image-forming plane of the optical system and improve 
detection precision, or it may have the effect of permitting 
some distortion of the optical system to make it more economical . 
Further, detector elements may be aligned with the curvature 
to improve the detection precision of colour separation. 

15 To perform the frequency analysis, the horizontal axis 

is transformed from a wavelength ( A ) to an inverse wavelength 
(1/ A ) (axial transformation, Fig. 6) . For this transformation, 
it is necessary to know the wavelength of the light forming an 
image at each point on the detector. This may be found by 

20 calculation by finding the positional relationship between the 
detector and the diffraction grating. Alternatively, laser 
light (monochromatic light) may be used instead of white light 
for the light source, and the wavelength found to a higher 
precision from the image-forming position on the detector, and 

25 the positional relationship between the diffraction grating and 
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the detector. By using plural wavelengths for the laser light, 
the correction precision is improved. 

As a means of obtaining a monochromatic light source, 
instead of using a laser for the light source, a white light 
5 source can be combined with an optical filter which transmits 
only a certain wavelength region. 

In the above embodiment , the irradiation of the wafer and 
the reflection therefrom both consist of parallel light, so in 
this case autofocusing is basically unnecessary. 

10 The computational processing will now be described when 

the measurement object is irradiated by white light, focusing 
on frequency and phase when the film thickness is calculated 
by performing a frequency analysis on the spectral distribution 
of the reflected light. The simple model of a pattern 21 in 

15 a film 23, shown in Fig. 3,. will be considered. Herein, the 
outermost surface film thickness is denoted by dl. If this 
film is irradiated perpendicularly by white light, there are 
reflections from the surface of the film 23, the upper surface 
of the pattern 21 and a film substrate 22, and these reflections 

20 interfere in a complex way. Considering separately those parts 
where the pattern is present and parts where it is not present 
as shown in Fig. 3, these parts each have an identical 
construction to that of a simple single-layer film. If the 
reflectance from the surface of the film 23, upper surface of 

25 the pattern 21 and film substrate 22 are respectively r3 , r2 
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and rl, an intensity reflectance R in the whole film may be 
expressed by Equation 1 from Fresnel's equation, n is the 
refractive index of the material of the film 23, and A is the 
wavelength of the light. Modifying Equation* 1, and making 
5 approximations such as ignoring high order terms, the intensity 
reflectance R may be expressed by Equation 2. Herein, if r3, 
r2 and rl are assumed to be constant regardless of wavelength, 
and l/A[l/nm] is taken as the horizontal axis , the spectral 
intensity distribution of the interference light generated by 
10 this film may be expressed as the sum of three sine waves 
corresponding to the film thicknesses dl, d2 and d3 , and a 
constant. 

If the angular frequencies of these sine waves are co± 
(i = 1/ 2, 3), Equation 2 becomes Equation 3. Therefore, the 

15 relation between these angular frequencies coi (i = 1, 2 and 
3) and the film thickness dl may be expressed by Equation 4. 
In this way, by performing a frequency analysis on the spectral 
reflectance distribution waveform and calculating frequency 
components with certain waveforms, the film thickness of each 

20 part may be computed (Equation 5). 

\R\ 2 =\R A +R B \ 2 

n „ 2 

= r 3 +r lg | r 3 +r 2 e x 

-2m2d 3 ± -2m2dA 

l + r x r 3 e A l + r 2 r 3 e x 



(Equation 1) 
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where n: refractive index of film material, 
A : wavelength (um) 

|i?| 2 = A + 5cos^2jt ■ 2d x • j j + Ccos^Zjz • 2d 2 - j j + /)cos^2tt ■ 2d 3 • ^- 

— (Equation 2) 

where A,B,C and D are values represented by r 3 , r 2 and r x 
|/?| 2 = A + ifcos^ - ^-j + Ccos^ 2 • ^ + Dcos^ 3 ' \ 

— (Equation 3) 

— (Equation 4) 

rf. = 1 
Ak - n 

. — (Equation 5) 
Next, a method will be described for computing the film 
thickness from the frequency and the phase. Fig, 4 (a) shows 
a theoretical spectral reflectance distribution 33 of 
interference light when dl=400nm, d2=1800nm and d3=2200nm in 
the film structure shown in Fig. 3, taking the inverse of 
wavelength as the horizontal axis. However, as the wavelength 
region which can be detected in practice by the detector is 
limited, the spectral reflectance distribution R (34 in Fig. 
4(b)) which can be calculated is that represented by Equation 
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6 ( Fig . 4(b)), Herein , A 0 is the maximum value of the 
wavelength region which can be detected. Identically to the 
computation of frequency, if the phases of the sine waves are 
<f>i. Equation 6 may be expressed by Equation 7. Fig. 8 shows 
the relation between the phase <f>i and the film thickness di. 
The phase varies in direct proportion to the film thickness. 
Hence, the film thickness can be computed also by performing 
a frequency analysis and finding the phase (Equation 9). 



\R\ 2 = A + B cosj^ • 2d x ■ n - i-jj + Coos|2w-2rf 2 - n 



+ Dcos|2jt • 2d 



(Equation 6) 



\R\ 2 =^ + 5cos^ 1 --^-0 1 j+Ccos^o> 2 -^-^j + Dcos^ 'X"^ 3 ) 



(Equation 7) 



<t>: = 2jv - 2d { • n • — 



(Equation 8) 



4jt * n 
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(Equation 9) 

As a frequency analysis technique, in the case of FFT, 
a phase torr i found by analysis is calculated as a value between 
- K and rc . Equation 9 can therefore be written as Equation 10 . 
This phase torr i is obtained by subtracting 2m7tfrom a variation 
amount 4>± of the overall phase. If the analysis is performed 
by FFT, it can be considered that frequency and phase are 
calculated by approximately the same number of divisions. As 
a result, the variation amount relative to film thickness is 
greater for phase than for frequency, so comparatively higher 
precision appears to be obtained. 



(Equation 10) 

where, m=l, 2, 3," # 



4jt • nd, 
r i = — 2mjt 



(Equation 11) 

A frequency analysis is performed on data for which a 
correction is made up to the axial transformation of Fig. 6, 
and the frequencies containing the spectral reflectance 
distribution waveform and its phase are calculated. The 
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frequency analysis technique may be FFT, MEM or another 
frequency analysis technique. 

When the film thickness is measured, it may occur that 
the film thickness detection region surface is not 
5 perpendicular to the optic axis due to inclination of the 
measuring stage or distortion of the wafer, etc. A fitting 
can therefore be applied to the stage inclination using the 
position measurement data of the zero order light (36 in Fig. 
1) of the diffraction light so that the film thickness detecting 

10 region surface is maintained perpendicular to the optic axis. 
Further, if the zero order light position is constant, the 
polishing amount can be known from the film thickness difference . 
Alternatively, the zero order light position may be fed back 
to the measurement . 

15 If the wafer is curved, the spectral distribution is 

condensed in the depressions and the opposite occurs in the 
projections. This is detected by the absolute position sensor 
( 38 in Fig . 1 ) from the distance between primary light , not shown , 
and zero order light (36 in Fig. 1), by the image focus or by 

20 the spectral distribution focus, and can be corrected. Also, 
the curvature of the wafer may also be measured from the above 
relation between zero order light and high order light. 

For example, the film thickness of the outermost surface 
layer can be found by extracting the frequency component of the 

25 highest intensity in a previously specified range. Further, 
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taking Fig. 3 as an example, d2 does not vary before and after 
processing. Of the spectral positions which do vary before and 
after processing, the position for which the angular frequency 
is smallest represents the film thickness of the outermost 
surface layer. Therefore, even if there are plural pattern 
layers underneath the film being measured, the spectral 
position having the smallest angular frequency among the 
spectral positions which have a variation can be considered to 
represent the film thickness of the outermost layer. 

In this embodiment, the case is shown where FFT and MEM 
are used for frequency analysis. If the film thickness is 
computed using the angular frequency, the angular frequency is 
found which represents the maximum value of an angular frequency 
spectral intensity distribution 51 by FFT or an angular 
frequency spectrum intensity distribution 52 by MEM, and the 
film thickness is then computed by substituting this angular 
frequency into Equation 3 (Fig. 6(a)). 

An example of film thickness computation using phase will 
now be described when FFT is used for frequency analysis, 
referring to Fig. 6(b). Equation 10 is replaced by Equation 
12. 51 represents the angular frequency distribution and 53 
represents the phase distribution in Fig. 6. In the case of 
computation using phase, m in Equation 13 must be determined. 

One-way of determining m is to first find an angular 
frequency 54 representing the maximum value of the angular 
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frequency spectral intensity, as in the case of frequency. At 
the same time, a phase 55 of this angular frequency is found. 
The film thickness is first computed from the calculated angular 
frequency. The integer m is determined so that the film 
thickness calculated from Equation 3 satisfies Equation 13. 

From m, df i is calculated from Equation 12, and dtorr 
i is calculated from the phase of the angular frequency 
representing the maximum value. The film thickness d i is then 
calculated by taking the sum of df i and dtorr i. 



4jt • n 4jz • n 2n fi 



(Equation 12) 



where: d. =I^L^ d 

11 4jz • n fi In 



15 Qn-V2)-^ : (^l/2)^ 

(Equation 13) 

When the film thickness is computed using the phase, a 
frequency analysis technique other than FFT may also be used 
20 for the frequency analysis . 

When FFT is used for the frequency analysis , the frequency 
resolution of the analytical results is determined by the length 
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of the analysis data. As the frequency and film thickness are 
in a directly proportional relationship, to obtain the required 
resolution from the computational results, the frequency 
resolution must be increased. For this purpose, to obtain a 
5 sufficient number of data so that the resolution of the 

analytical results is the required resolution, the frequency 
analysis is performed after adding 0 value data to the computed 
spectral reflectance distribution data where the horizontal 
axis is the inverse of wavelength. Thereby, any desired 

10 frequency resolution can be obtained. Alternatively, a 
complementing technique such as spline or the like may be 
applied to the frequency analysis results. 

When FFT is used for the frequency analysis, the angular 
frequency spectrum of the analysis results has a unique 

15 distribution determined by a window function during frequency 
analysis. Therefore, if the positions of two spectra are close 
to each other, the spectral distributions overlap and their 
peaks are offset from the real peak position. To resolve this 
problem, a precise maximum value can be found by calculating 

20 spectral positions using a waveform separating process such as 
the Simplex method on the angular frequency spectra obtained. 
Even if the spectral positions are close when MEM (Maximum 
Entropy Method) is used for the frequency analysis, a frequency 
analysis technique where there are little or no spectral 

25 overlaps may be used. 
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In MEM, the analytical results are different depending 
on the analytical model order set during the analysis, and 
optimization is required. By optimizing the analysis range of 
the waveform being measured, an analysis can be performed with 
5 no scatter or error due to the order of the analytical model. 

Optimization may be performed by varying the analysis 
range and using plural orders, and selecting the analysis range 
so that the desired spectral position is constant regardless 
of the analytical order, 

10 If the effect of the reflected light from lower layers 

is large such as when the film being measured is a film having 
a multilayer structure, a correction may be applied by removing 
the overall waveform trend prior to frequency analysis, or by 
performing processing such as adding or multiplying by a 

15 coefficient distribution which eliminates the effect, on the 
measured spectral distribution. 

The film thickness measurement precision obtained by the 
above embodiment using phase is at least ±20nm, and usually 
±10nm (pattern surface area factor (proportion of pattern 

20 surface area in measurement visual field relative to surface 
area of measurement visual field): approximately 20%, 
interconnection width: 0.35Mm), so the precision can be 
improved compared to the method where frequency alone is used 
(measurement precision: ±50nm) . 

25 In a prior art optical measurement technique, a uniform 
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structure in the measurement visual field having a size of for 
example at least lUm was necessary. According to this 
embodiment, the film thickness can still be measured on a step 
pattern when there is a step pattern such as a device pattern 
in the measurement visual field. In this case, the measurement 
precision is affected by reflected light from layers underneath 
the pattern being measured, and it therefore depends on the 
proportion of the pattern surface area in the measurement visual 
field relative to the surface area of the measurement visual 
field (pattern surface area factor) , and on the pattern contour. 
For example, if the film thickness is being measured on a line 
and space pattern of submicron pitch smaller than 0.5 Mm, light 
is diffracted by the pattern, so the reflected light from the 
lower layers has comparatively less intensity than in the case 
of a single pattern of identical surface area factor. As a 
result, a fine pattern is more convenient for measurement. 

Fig. 7 shows the results for the film thickness (dl) of 
the outermost surface calculated from frequency and from phase 
on a sample having an identical structure to that of Fig. 3. 
From Fig. 7, it is seen that measurements can be made to a higher 
precision by computing from the phase than by computing from 
the frequency. As noise is present in the computation of film 
thickness from actual data, there is a large error when the 
frequency analysis is performed using computation by frequency. 
In computation by phase, the resolution is higher than when 
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frequency is used, i.e. , the variation amount is larger relative 
to the variation amount of film thickness, so a highly precise 
computation can be performed with relatively low error. 

The above description refers to the case of the relatively 
simple structure shown in Fig. 3, but the film thickness of the 
outermost surface can also be measured by an identical technique 
even in the case of a multilayer pattern. 

In this case, the term "multilayer" refers to the case 
where the interconnection itself is multilayer, or to the case 
where the insulating film between interconnections has a 
multilayer structure. 

When the film is multilayer, the characteristics of the 
various materials involved may be similar, the film may be much 
thinner than the wavelength region which can be detected, or 
the actual film thickness and the computed value may not be in 
a linear first order relationship in the aforesaid technique 
using frequency analysis. In this case, to reduce 
computational error, a suitable curve may be estimated for the 
relation between the real film thickness and the computed value, 
and the computed value thereby corrected (Fig. 13). 

One way of generating this correction curve, if the 
structure and materials are known, is to compute the spectral 
distribution waveform, and then compute the film thickness from 
the waveform by this technique. Alternatively, actual data can 
be measured using another reliable film thickness measuring 
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apparatus , and these measurements results then compared with 
the measurement results obtained by this technique. 

The principle of the technique of calculating film 
thickness, wherein the film being measured is irradiated by 
5 white light, and the spectral distribution of the reflected 
light is fitted to the theoretical spectral distribution, will 
now be described. If the film structure of the film being 
measured and the materials of the respective layers are known, 
the spectral reflectance distribution when a film having this 

10 structure is irradiated by white light can be computed. This 
theoretical spectral reflectance distribution waveform is 
compared with an actual, measured spectral reflectance 
distribution using film thickness as a parameter, and by 
selecting (fitting) the parameter which minimizes the error 

15 between these two, the film thickness can be computed. 

This technique was also applied in the prior art to devices 
where the structure of the film being measured was uniform in 
the measurement visual field. However, even in a case where 
the structure is not uniform in the measurement visual field, 

20 for example as shown in Fig. 3, if the effect of this structure 
and diffraction due to the structure are taken into account in 
the theoretical calculation, the film thickness can be computed 
by an identical fitting to the case where the structure is 
uniform. 

25 The structure being measured can be obtained from design 
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information. 

According to the above fitting technique , with a 
relatively simple structure (when there is one step in the 
measurement visual field) , a measurement precision of the order 

5 of ±5nm is obtained. 

When the structure being measured is complex, fitting may 
be performed by extracting or attenuating waveforms for 
specific frequencies, by applying suitable filtering such as 
moving average processing to the actual reflectance 
10 distribution waveform (horizontal axis is inverse of 
wavelength) . 

Next, embodiments will be described where the aforesaid 
film thickness detecting system is applied to a processing 
apparatus or to lines. Fig. 5(a) shows a first embodiment 

15 relating to application method. A film thickness detecting 
optical system 3 is disposed on a polishing board 2 , a 
measurement window, not shown, is provided in the surface of 
the polishing board 2, and measurement of film thickness is 
performed from this window. In the first embodiment relating 

20 to application method, measurements can be made in-situ without 
interrupting processing. 

The method of using the measured film thickness 
information in this first embodiment relating to application 
method is as follows. From the measured film thickness, a 

25 polishing rate is computed, and this is then fed back to the 
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polishing time of the wafer being processed- When the film 
thickness is measured in the first embodiment relating to 
application method, the time required for loading, unloading, 
washing and drying of wafer when the film thickness is measured 
5 by a ready-made film thickness gauge can be reduced, and 
throughput increased- 

As the measurement is performed in- situ, the polishing 
rate can also be computed from the film thickness information 
obtained, and fed back to the polishing time of the wafer 

10 currently being polished. 

Further, from the film thickness information thus 
obtained, it may also be determined whether the desired film 
thickness has been achieved, whether the film thickness lies 
within a preset film thickness range, and whether processing 

15 is complete. 

A second embodiment relating to application method is 
shown in Fig. 5(b) . In this second embodiment, a film thickness 
measurement is performed by temporarily interrupting the CMP 
process, separating a wafer support tool 1 from the polishing 

20 board 2 , and inserting a film thickness detecting head 4 between 
the polishing board 2 and wafer support tool 1, or moving the 
wafer support tool away from the polishing board to the 
detecting optical system disposed in the vicinity of the 
polishing board. In the second embodiment relating to 

25 application method, measurement can be performed in-line by 
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temporarily interrupting processing. 

The method of using the measured film thickness 
information in the second embodiment relating to application 
method is as follows. From. the measured film thickness, the 
5 polishing rate is computed and this is fed back to the polishing 
time of the wafer to be processed next . When the film thickness 
is measured by the second embodiment relating to application 
method, the time required for loading, unloading, washing and 
drying the wafer when the film thickness is measured by a 
10 ready-made film thickness gauge can be reduced, and throughput 
increased. 

As the measurement is performed by interrupting 
processing, the polishing rate can also be computed from the 
film thickness information obtained, and fed back to the 

15 polishing time of the wafer currently being polished . Further , 
from the film thickness information thus obtained, it may also 
be determined whether the desired film thickness has been 
achieved, whether the film thickness lies within a preset film 
thickness range, and whether processing is complete. 

20 A third embodiment relating to application method is 

shown in Fig. 5(c). In the third embodiment, after polishing 
is complete, the wafer is set inside a stocker, not shown, for 
temporary storage, or on a measurement stage, not shown, in a 
water tank 7 installed midway in a wafer path to transportation 

25 by the stocker, and measurement then performed. In the third 
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embodiment relating to application method, in-line measurement 
can be performed. 

In the third embodiment relating to application method, 
to measure the film thickness in water in the water tank 7, a 
detector 5 can also be immersed in the water to perform 
measurements on a wafer 6 held with its surface facing upwards 
in the water in the water tank 7 (Fig. 8(a)). 

Alternatively, the detector 5 can perform measurements 
via an optical window 8 on the wafer 6 held with the surface 
facing upwards in the water in the water tank 7 (Fig. 8(b)). 

The method of using the measured film thickness 
information according to the third embodiment relating to 
application method is as follows. 

From the measured film thickness, the polishing rate is 
computed, and fed back to the polishing time of the wafer to 
be processed next . When the film thickness is measured by the 
third embodiment relating to application method, the time 
required for washing and drying the wafer when the film 
thickness is measured by a ready-made film thickness gauge can 
be reduced, and throughput increased. 

Further, from the film thickness information thus 
obtained, it may be determined whether the desired film 
thickness has been achieved, or whether the film thickness lies 
within a preset film thickness range. It may also be determined 
that when the film thickness has not reached a preset thickness 
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or range, the wafer must be reprocessed. 

In the first to third embodiments relating to application 
method, the film thickness distribution can be obtained by 
varying the relative position of the detector and wafer, and 
5 making measurements at plural points on the wafer surface . For 
example, in the first embodiment relating to application method, 
this can also be done by adjusting the relative position of the 
polishing board and wafer support tool. In the case of the 
second embodiment relating to application method, it may also 

10 be done by displacing the detecting optical system or wafer 
support tool so that the relative positions of the detecting 
optical system and the wafer support tool which are inserted, 
can be arbitrarily varied. 

The film thickness distribution may also be found by, for 

15 example, simultaneously acquiring spectral distributions at 
plural points on a straight line using a two-dimensional sensor. 
A two-dimensional film thickness distribution can also been 
calculated by varying the positional relationship 
of the detector and wafer. 

20 The film thickness distribution can be calculated at high 

speed by using plural detectors in parallel and making 
simultaneous measurements . 

When for example the maximum value and minimum value of 
film thickness in the film thickness distribution are 

25 calculated, high precision can be obtained in the measurement 
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range and position by first calculating the film thickness 
distribution with a large interval and then performing 
measurements in the vicinity of the maximum value and minimum 
value with a small interval, or by using the slope of the 
5 distribution, pattern information, or film thickness 

information for another wafer. The above operations may also 
be automated. 

The fineness of the undulation can also be predicted from 
the pattern surface factor of the lower layers, and the interval 

10 of the aforesaid distribution measurements can be automatically 
determined from the predicted magnitude by a sampling theorem. 

Based on the film thickness distribution information 
obtained, for example the magnitude and period of the undulation 
of the film thickness distribution, and the maximum and minimum 

15 values in the film thickness distribution, CMP process 
conditions (pad material and surface contour, slurry 
concentration, materials and supply amounts , chuck pressure and 
polishing board rotation speed, etc. ) can be modified, such as 
for example by changing the material of the pad to a hard material 

20 when there is a large difference between the maximum value and 
minimum value, and CMP process optimization can be performed 
automatically such as by reducing defects due to dishing or 
reducing unevenness of film thickness. 

Optimization of processes in the former and latter steps 

25 can also be performed automatically based on the measured film 
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thickness information. For example, in the film-forming step 
which is an early step, the film-forming thickness may be known 
by measuring the film thickness before the CMP process, and 
optimization and stabilization of film-forming conditions such 
5 as the film-forming time may be performed automatically by 
comparing with film-forming specifications. Also in the 
latter steps, etching conditions for example may be 
automatically determined and processing performed with higher 
precision from the film thickness on an actual device pattern 
10 (Fig. 9). 

When the wafer support tool can pressurize a wafer being 
processed by generating an arbitrary pressure distribution, the 
optimum pressure distribution can be set automatically from the 
aforesaid film thickness distribution, and a process surface 
15 having a uniform film thickness in the surface can thus be 
obtained. 

This measurement technique allows measurement at any 
position in a chip without the structure needing to be uniform 
in the measurement visual field as in the prior art provided 

20 that it has a suitable pattern surface factor and contour. This 
permits the film thickness in the chip to be measured for example 
in a mesh of an arbitrary interval (Fig. 9), and also permits 
a uniform, i.e. standard, film thickness control which does not 
require a circuit. 

25 The detector is aligned with the wafer, for which purpose 
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alignment is performed if required. As the points which can 
be measured are limited by the arrangement and contour of the 
pattern depending on the device being measured, it is necessary 
to carry out positioning to the points which can be measured. 

For example, when the size of the visual field is of the 
order of <f>10#m, a positioning precision of ±lttm may be 
necessary in some cases. By carrying out alignment or teaching 
for each chip or pattern being measured, a precise positioning 
is possible (Fig. 15). 

One method of positioning to the measurement points is 
to first determine the points which can be measured from design 
information for the device such as the pattern arrangement or 
surface area factor, and then perform a determination from image 
information around measurement points actually acquired by a 
computer and the design information. Another method is to 
perform the determination automatically by computing the above 
processing (Fig. 16). 

Due to the positioning precision or other factors, it may 
occur that positioning to desired measurement points is 
impossible. In this case, it is necessary to determine whether 
positioned points are desired measurement points. This could 
be determined from the pattern contour or surface area factor 
obtained from image information around the measurement points, 
the pattern contour or surface area factor obtained from design 
information for the device, or from a combination of both. 
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This processing can also be computed automatically. 

Further, even if positioning to the desired measurement 
points has been performed, it may for example occur that the 
measurement of film thickness is difficult in practice, such 
5 as when for example the pattern surface area factor in the 
measurement visual field of the measurement points is less than 
required (Fig. 14). It is necessary to determine whether the 
film thickness can be measured for the measurement points . This 
determination may for example be performed from the 

10 characteristics of the measured spectral distribution waveform. 
A method of determining whether measurement is possible from 
the waveform characteristics might be to detect the positions 
of specific peaks in the waveform, or to perform a frequency 
analysis such as FFT, and determine the position or size of a 

15 certain frequency component in a certain range. 

Another determining method would be to compute the 
pattern surface area factor in the measurement visual field from 
the image around the measurement points, for example, and 
compare this value with a preset threshold. 

20 The above determination could also be performed 

automatically . 

The determination of whether measurement is possible may 
be performed for each measurement point, or may be performed 
after a series of plural measurements is complete. In the 

25 latter case, measurement results for points other than those 
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being measured may be used in addition to the above determining 
method to permit a more reliable determination. 

If, as a result of the determination of whether or not 
film thickness measurement can be performed, it is determined 
5 that film thickness measurement is impossible, optimum 
measurement points could be automatically selected by 
performing measurements of the spectral distribution for 
example at several points around the points which were initially 
positioned, and then determining whether film thickness 

10 measurement is possible. 

Alternatively, the pattern surface area factor could be 
computed from the image around measurement points , and the 
points at which measurement is possible selected automatically. 
Further, the above two methods could be combined. 

15 One way of using measurement results from points other 

than the points being measured might be to perform the 
determination by, for example, comparing the difference between 
computed measurement results and computed results for other 
points with a preset threshold. 

20 The image around the measurement points may also be stored 

if necessary. 

As there is no need to form a pattern to make film thickness 
measurements, a device with a large effective surface area can 
be manufactured. 

25 The size of the measurement visual field is limited by 
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the light amount which can be detected. If the required light 
amount can be provided, measurements can be made in a 
measurement visual field of desired size and shape. 

The size and shape of the measurement visual field when 
5 the film thickness is measured may be varied. 

In addition to this embodiment. Fig. 10 for example shows 
a method of changing over the field wherein an objective lens 
is used for the optical system, and the size of the visual field 
is varied by changing over the objective lens. 

10 The film thickness distribution measurement results are 

different depending on the size of the visual field when 
measurements are made. If the measurement visual field is made 
smaller, the film thickness distribution can be found with a 
smaller interval. However, if the size of the measurement 

15 visual field is near to the pattern interval as shown in 

Fig. 10(b), the film thickness on the pattern can no longer be 
evaluated alone. Hence, the measurement visual field is 
optimized according to the purpose of measurement and the object 
being measured. This optimization may easily be performed 

20 automatically from the measurement results or from pattern 
information for a device which was previously acquired. 

When the measurement visual field is small, a high 
precision measurement can be performed, but film thickness 
increases in regions where there is no pattern. If an operation 

25 is performed to extract the film thickness for the outermost 
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surface (or a desired film thickness) , e.g. , an operation which 
extracts only a value near to an existing film thickness value 
or extracts a film thickness value of the highest frequency, 
the information is easier to utilize. Conversely, with a wide 
field, the size of a chip of average film thickness can for 
example be extracted, and the film thickness on the wafer can 
be controlled without being influenced by chip position 
information. An intermediate visual field or combination is 
of course also possible. 

If the measurement visual field does not exceed the 
pattern width, the contour of the pattern can be verified by 
measuring the film thickness. By comparing the obtained 
measurement results with previously acquired pattern 
information, imperfections of pattern shape or foreign bodies 
may be detected (Fig. 10(c)). 

As the depth of foreign bodies or shape imperfections from 
the surface is known, it may be specified to what extent these 
objects or imperfections are present. 

If the spectral distribution of the reflected light is 
analyzed or a separate means is provided to measure surface 
imperfections, the film thickness and imperfections may be 
simultaneously measured (Fig. 11) . The imperfection measuring 
means may for example employ a surface imperfection measuring 
means such as is described in Japanese Unexamined Patent 
Publication 7-74088. 
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A display means is provided which can simultaneously 
display the measured film thickness and film thickness 
distribution, the coordinates on the wafer, the processing 
conditions at that time and the computed polishing rate, so the 
operator of the apparatus can perform continuous monitoring. 

The display means can simultaneously display the measured 
film thickness distribution and imperfections and previously 
acquired device pattern information side by side, superimposed 
or by switching from one to the other (Fig. 11). This 
information may be simultaneously displayed either three - 
dimensionally from the upper layer, or as a cutaway of a certain 
section. The device pattern information indicates the contour 
of the pattern or local pattern surface factors, etc. 

If the above are superimposed in the display, the 
relations between three values may be viewed by computing the 
three values if necessary. The results of relational 
computations may also be fed back to the determination of 
process conditions. For example, if the correlation between 
film thickness distribution and pattern surface area factor is 
small, and the correlation between film thickness distribution 
and imperfection distribution is large, optimization such as 
changing the pad to a hard material and performing processing 
which does not depend on the pattern, may be automatically 
performed. 

By determining the difference between the film thickness 
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distribution and imperfection distribution, imperfections in 
lower layer films can be computed. In this event , the two values 
are corrected if necessary. 

The display means may also display a theoretical spectral 
5 reflectance distribution computed from a spectral reflectance 
distribution wherein the horizontal axis, which is the inverse 
of wavelength, is computed from measurement data, or the 
measured film thickness. Both of these may also be displayed 
simultaneously, and the relation between the two may be observed 

10 by comparing them using the method of least squares , for example . 
The operator can also simultaneously display and compare the 
theoretical spectral distribution of an arbitrarily set film 
thickness, and the spectral distribution computed from 
measurement data. 

15 The measured film thickness or distribution data may also 

be supplied to yield or quality control systems and used for 
defect analysis. 

The above embodiment was described in the context of film 
thickness of a wafer surface on which a pattern was formed after 

20 CMP processing- However, an identical film thickness 

measurement may be performed in other steps where the object 
being measured has an identical structure, in films other than 
those on semiconductor devices, or in optically transparent 
films having a multilayer construction. 

25 When the object being measured has a multilayer structure , 
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the thickness of any desired layer can be measured by measuring 
the film thickness before and after processing. For example, 
not only the surface film thickness, but also the pattern 
thickness or film thickness between lower layers may also be 
5 found (Fig. 12) . 

By measuring the film thickness between layers, the 
electrical capacity between interconnections can be evaluated 
and the performance of the device can be predicted. 

By measuring the film thickness of an arbitrary layer and 
10 controlling the film thickness to high precision, the 

performance of the device can be controlled to high precision. 

When the film being measured has a multilayer structure, 
reflected light from the lower layers causes errors. 

The effect of reflected light from lower layers can be 
15 reduced by using light of a wavelength region which is largely 
absorbed by the film, thereby permitting a high precision 
measurement to be made . 

When the aforesaid measurement method is applied to the 
CMP of metals, the end point of a process can be detected from 
20 the waveform of the spectral distribution of reflected light 
from the wafer. 

By performing measurement before and after processing, 
a change due to processing in the material being processed, for 
example the refractive index, can be detected. Also, a change 
25 of transition density in the material can be predicted from this 
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change . 

From the intensity of the reflected light detected by the 
detector, the local pattern surface factor or the state of 
surface roughness of the object being measured can be found. 
5 This technique requires measurement of the spectral 

distribution waveform in order to measure film thickness . This 
may be measured by a film thickness measurement apparatus of 
the prior art, and the film thickness computed by processing 
the signal obtained. In other words, it is sufficient to 

10 measure the spectral distribution waveform. 

For example, a film thickness measuring apparatus of the 
prior art may be connected to a film thickness computing signal 
processing computer by a communication means such as a LAN, 
spectral distribution data measured by the prior art apparatus 

15 can be automatically acquired by the computer, and the film 
thickness thus computed. 

In inter-layer insulating film steps, the sensitivity of 
a foreign body tester or appearance tester varies with film 
thickness. Hence, by attaching a film thickness measuring 

20 apparatus to these testers, the conditions for measurement 
sensitivity can be automatically determined, sensitivity 
correction can be performed, and high precision testing can be 
carried out. For example, the sensitivity can be decreased by 
changing the position of the detector according to the measured 

25 film thickness. 
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According to this invention, the film thickness of a 
transparent film can measured to high precision, and high 
precision film thickness control can be performed based on the 
measured film thickness data. Further, by incorporating this 
5 film thickness measuring unit in a processing apparatus, 
processing throughput can be increased. For example, the 
outermost surface film thickness can measured to high precision , 
high precision film thickness control performed and processing 
throughput increased in wafers subjected to surface smoothing 
10 treatment after film- forming in the above method of 

manufacturing a semiconductor device on a silicon wafer, or in 
a production line. 

Industrial Field of Application 

15 As described above, according to this invention, in a 

method of manufacturing a semiconductor device or in a 
production line, high precision measurement of the thickness 
and thickness distribution of a transparent film can be 
performed, high precision film thickness control performed 

20 based on the measured film thickness data, and process 

throughput increased in wafers subjected to surface smoothing 
treatment after film-forming. 

In addition to the aforesaid semiconductor wafers, this 
invention may also be applied to measurement of film thickness 

25 in optically transparent resist films or insulating films in 
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steps for manuf acturing thin film devices such as digital video 
discs (DVD) , liquid crystal display elements using thin film 
transistors (TFT), or large-scale integrated circuits (LSI). 



